Identification of spider mites based on morphological characteristics is difficult because morphological differences between species may be subtle and in some groups, including the Tetranychus Dufour species, detectable only in adult males, which usually correspond to a small proportion of a population. The utility of an alternative method, phosphoglucomutase (PGM) zymogram, is demonstrated in this study. Using this method, we were able to discriminate females of each of 13 known Japanese Tetranychus species. We examined the species composition and seasonal density changes on kudzu vine [Pueraria montana var. lobata (Willd.) Sanjappa and Pradeep], a fabaceous weed, between 1997 and 1999, and on soybean [Glycine max (L.)] between 1999 and 2001. On kudzu vine, spider mite populations showed two types of seasonal fluctuation, one characterized by a single peak in September or October and the other by two peaks, in June and September. Five spider mite species were found on this plant species, with T. pueraricola Ehara & Gotoh being dominant throughout the 3-year period and accounting for 75.6-96.9% of all females. On soybean, spider mite populations showed three types of seasonal fluctuation, characterized by one peak (August), two peaks (August, November), and three peaks (June, August, October), respectively. On this plant, eight species were found, T. pueraricola being dominant in 1999 (54.7%), T. parakanzawai Ehara in 2000 (72.6%) and T. kanzawai Kishida in 2001 (69.2%). Such annual variation in dominance was probably determined by the order of invasion of soybean fields.
Introduction
Species identification of spider mites has important implications for accurate control, population dynamics studies and resolving international trade barriers related to plant quarantine (Kitashima & Gotoh, 1997; Osakabe et al., 2002) . A number of methods has been used for species identification, based mainly on the morphological characteristics of adults (Ehara, 1999; Ehara & Gotoh, 2009) , ribosomal DNA (rDNA) polymorphisms (Navajas et al., 1997 (Navajas et al., , 2001 and restriction fragment-length polymorphism following PCR (PCR-RFLP) (Gotoh et al., 1998; Osakabe et al., 2002) . However, each of these methods has some disadvantages. Species identification based on morphological characteristics observed under phase-contrast microscopy is difficult because the mites are very small, differences are often subtle and the collected individuals may not be of the sex or developmental stage that has the known relevant morphological characteristics. In some groups, including the Tetranychus Dufour species, differences are usually only known in adult males, which may be hard to find. DNA sequencing is expensive and labor intensive and, as a result, may not allow the comparison of a large number of individuals (Hance et al., 1998) .
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An alternative to avoid those difficulties is to examine enzymatic differences (zymograms or banding patterns of enzymes). Many studies have used zymograms of various enzymes, such as esterase, phosphoglucoisomerase (PGI) and malate dehydrogenase (MDH), to discriminate mite species (Gotoh & Ishikawa, 1992; Gotoh & Takayama, 1992; Enohara & Amano, 1996; Goka & Takafuji, 1997; Kitashima & Gotoh, 1997; Gotoh et al., 2007b) . Enzymatic differentiation can be difficult when intraspecific variation occurs in banding patterns (polymorphic alleles) and when common bands are observed among distinct species (Goka & Takafuji, 1997) . However, if an enzyme with diagnostic banding pattern can be found, this method can be used to inexpensively treat hundreds of individuals in just a few hours. Our experiments indicated that phosphoglucomutase (PGM) zymograms could discriminate some Tetranychus species (Gotoh, unpub. results) . Many studies have been conducted to identify phytophagous arthropods on weeds, mainly for the search of promising biological control agents of those weeds (Goeden, 1971 (Goeden, , 1974 Zwölfer, 1988; Forester, 1993; Wilson & Flanagan, 1993; Jobin et al., 1996; Imura, 2003) . The kudzu vine, Pueraria montana var. lobata (Willd.) Sanjappa & Pradeep, is considered a harmful invasive weed in parts of North America (Williamson, 1996) . The vine extends 9-35 m per year and surrounds other plant stems and tree trunks, in some cases killing them (Duke & Reed, 1981) . Some spider mite species infest kudzu in Japan, but little is known about the composition and structure of mite species on the plant.
Kudzu vine is native to and distributed throughout Japan, where it has been exploited successfully by at least six red-pigmented Tetranychus species: T. ludeni Zacher, T. kanzawai Kishida, T. parakanzawai Ehara, T. piercei McGregor, T. pueraricola Ehara & Gotoh, and the red form of T. urticae Koch. Four of these species (T. kanzawai, T. ludeni, T. piercei and T. urticae) are known to be pests of agricultural crops (Bolland et al., 1998; Ehara & Gotoh, 2009) . The objective of this study was to determine the composition and population dynamics of Tetranychus species on kudzu in comparison to soybean [Glycine max (L.)] as an example of an agricultural crop of the same plant family as kudzu (Fabaceae), while also evaluating the suitability of PGM zymograms to identify the spider mite species collected. Four tetranychids (T. kanzawai, T. ludeni, T. phaselus Ehara and T. urticae) have been recorded as pests of soybean in Japan, but the knowledge is fragmentary (Japanese Society of Applied Entomology and Zoology, 2006).
Materials and Methods

Mites
Thirteen red-pigmented Tetranychus species were collected from various locations in Japan from 1993 to 2005 (see details in Gotoh et al., 2007b) . A colony of each species was kept at 25 ± 1°C under a 16L: 8D photoperiod in the laboratory, on discs of leaves of different plants, as follows: mulberry (Morus bombycis Koidz.) for T. ezoensis Ehara, a solanaceous weed (Solanum nigrum L.) for T. evansi Baker and Pritchard (= T. takafujii Ehara & Ohashi; Gotoh et al., 2009) , or common bean (Phaseolus vulgaris L.) for the other species.
Electrophoresis and enzyme staining
Individual frozen females or males were homogenized in 10µL of 32% (w/v) sucrose with 0.1% Triton X-100 and 0.002% bromophenol blue. Aliquots of 10µL of the homogenate were subjected to polyacrylamide vertical slab electrophoresis. The gels were 1 mm thick, 145 mm wide and 160 mm high, and contained Triton X-100 (concentration 0.05% in the separating gels and 0.1% in the stacking gels). The concentration of acrylamide was 6.0% for the separating gels and 2.5% for the stacking gels. Electrophoresis was carried out at a constant current of 20 mA/gel at 5°C for 3 h. To stain for PGM, gels were placed in 0.1 M Tris-HCl buffer (pH 8.0) with 0.08% of disodium DL-malate, 0.02% nitro blue tetrazolium and 0.01% phenazine methosulphate for 40 min at 35°C. Bands of species with more than one rate of mobility (i.e., isoforms) were referred to as F-and S-alleles, respectively. To separate females using PGM banding patterns, we used two pairs of mites as diagnostic markers (i.e., marker species): one pair consisted of one female T. ludeni carrying the S-allele and one red form female of T. urticae carrying the F-allele, and the other pair consisted of one female T. parakanzawai and one female T. pueraricola. As S-allele homozygous females were prevalent in T. ludeni, whereas F-allele homozygous females were extremely dominant in T. urticae (Gotoh et al., 2007b) , we chose females carrying these alleles to differentiate field-collected females. The marker species of the genus Tetranychus were separately reared at 25°C and 16L: 8D in the laboratory on leaf discs of the common bean.
In our preliminary test, we observed no difference in banding patterns between the mite samples kept on leaves of common bean and those kept on kudzu vine or soybean leaves for more than two generation (data not shown); therefore, we used common bean leaves for rearing mites sampled from kudzu vine and soybean. Each allele was expressed in terms of the electrophoretic mobility of each band relative to that of the tracking dye (bromophenol blue). Mobility was determined using 1,000 horizontal lines after entering gels into a computer, as shown in Fig. 1 . The center of the band was used to determine mobility.
Study sites and sampling
Two plots of kudzu vine were chosen for the study, Tsuchiura (site A; 36°03'N; 140°12'E) and Tsukuba (site B; 36°05'N; 140°04'E) in Ibaraki Prefecture, central Japan. These sites were located in residential areas that had several small truck farms. An area of 10 x 10 m was set up at each site and divided into 100 1 x 1 m neighboring subplots. Kudzu vine leaves almost totally covered the plots in mid-summer. For soybean, one agrochemical unsprayed plot was chosen in a soybean field as the study site; it was located in Ushiku (35°58'N; 140°10'E) in Ibaraki Prefecture (Mori et al., 2008) . An area of 8 x 12.5 m was set up in this field and divided into 50 1.25 x 1.6 m subplots. FIGURE 1. Phosphoglucomutase (PGM) zymograms of adult females of 13 Japanese species of Tetranychus. "S" and "F" indicate the alleles with slow and fast mobilities, respectively. Each allele is expressed in terms of the electrophoretic mobility of each band relative to that of the tracking dye (bromophenol blue). Horizontal lines are level markers. Two pairs of mites were used as diagnostic markers for separating females: one pair consisted of one female T. ludeni (S-allele) and one female T. urticae (F-allele) Gotoh et al., 2007b) .
Zoosymposia 6 © 2011 Magnolia Press
Kudzu vine leaves are composed of three leaflets whose length and width are about 10-15 cm each. One of the three leaflets of a kudzu vine leaf was sampled from each subplot at 10-day intervals, from late April, just before the occurrence of leaf flush, to late November, just after complete foliage abscission, from 1997 to 1999. Two of three leaflets of a soybean leaf were sampled from each subplot at 7-day intervals, from mid June to late November, from 1999 to 2001. Leaflets of each subplot were put into a separate vinyl bag and kept under a layer of ice in an ice chest. Within a few hours, the samples were placed in a refrigerator in the laboratory. All stages of spider mites, predators, and phytophagous thrips on soybean leaflets were counted under a dissecting microscope within two days after sampling. All adult female spider mites sampled from kudzu vine and soybean leaflets were placed individually onto leaf discs (ca. 4 cm 2 ) of common bean and allowed to oviposit for three days at 25°C and 16L: 8D, after what they were stored individually at -80°C until used in the electrophoresis (less than three months). The progeny were then reared to the adult stage (F 1 adults) at the same conditions of temperature and photoperiod. F 1 adult females and males were prepared for the morphological study. If only a few F 1 males were produced, then F 1 females and males were mated and their progeny were reared to obtain males of the next (F 2 ) generation, for the morphological study. If oviposition did not occur or only male progeny were produced, data of the collected females were discarded (Gotoh et al., 2007a, b) .
Results
Spider mite identification
In the zymograms, none of the species shared bands with identical mobility (Fig. 1) . Thus, PGM zymograms were consistent with the morphological characteristics of laboratory stocks as well as with field samples collected from kudzu vine and soybean [data not shown; see Gotoh et al. (2007b) and Mori et al. (2008) for details], although females of T. ludeni, T. piercei and red form of T. urticae showed two bands (S-and F-alleles). On both plants, the allele frequencies were closely similar: S-allele homozygous females were dominant in T. ludeni, whereas F-allele females were prevalent in T. piercei and T. urticae.
Seasonal changes of spider mite density and species composition on kudzu vine
Spider mite populations peaked in June (spring peak) and/or in September-October (autumn peak) at both site A ( Fig. 2A ) and site B (Fig. 2B) . Predators observed on kudzu vine at both sites were phytoseiid and stigmaeid mites (Table 1) , Scolothrips takahashii Priesner (Thripidae), Oligota species (Staphylinidae) and Feltiella species (Cecidomyidae). The occurrences of these predators were well synchronized with spider mite density in each of the three years. When spider mite density exceeded 100 individuals per leaflet (all stages included), insect predators were prone to appear on leaves. Of the phytoseiid mites, Amblyseius tsugawai Ehara was dominant at site A and Phytoseius nipponicus Ehara was dominant at site B, with great fluctuation in numbers between years. The next most abundant phytoseiid species were P. nipponicus at site A and Neoseiulus womersleyi (Schicha) at site B (Table 1) . Five species of Tetranychus mites were found on kudzu vine (Table 2) . Tetranychus pueraricola was the dominant, accounting for 75.6-96.9% of all females. Other species found were T. ludeni (0.8-19.0%), T. parakanzawai (1.1-9.7%), T. piercei (3.2%) and T. kanzawai (0.2-1.3%); their densities and species richness varied from year to year and from site to site. The red form of T. urticae was never found. Seasonal changes of spider mite density and species composition on soybean Spider mite populations showed three peaks in 1999 (June, August and October), and two in 2001 (August and November) (Fig. 3) . In 2000, the populations peaked only once (August), because soybean flowered and fruited more than one month earlier than in other years and as a result, all leaves had dropped by early October. Predators were phytoseiid and stigmaeid mites (Table 3) , the most numerous being Gynaeseius liturivorus (Ehara), A. tsugawai, Neoseiulus californicus (McGregor) and N. womersleyi (phytoseiids) and Agistemus terminalis (Quayle) and A. exsertus Gonzalez (stigmaeids); predatory insects collected were S. takahashii and Feltiella species. The population density of G. liturivorus was positively related to the occurrence of phytophagous thrips until August, when thrips became scarce. Synchronized with spider mite density were phytoseiid mites other than G. liturivorus after August, and S. takahashii throughout the observation periods. Eight spider mite species were found on soybean: T. kanzawai, T. pueraricola, T. parakanzawai, green and red forms of T. urticae, T. ludeni, T. phaselus and T. piercei (Table 4 ). The dominant species varied greatly from year to year. The following species were dominant most of the time: T. kanzawai (11.4-69.2%), T. parakanzawai (5.9-72.6%) and T. pueraricola (5.0-54.7%). (Ehara) 12 (2.8)
2 (0.4) 2 (3.0) 1 (0.7) Total 427 67 140 (After Mori et al., 2008) 
Discussion
Several red-pigmented species of the genus Tetranychus can be simultaneously found on a given host plant in Japan. The enzymatic methods used in this study represent a relatively rapid and simple diagnostic procedure, similar to what was previously shown for the banding patterns of PGI and MDH (Goka & Takafuji, 1997 . Enohara & Amano (1996) showed that esterase zymograms were useful for identifying Tetranychus species. However, esterase zymograms did not allow the discrimination of the closely related T. parakanzawai and T. kanzawai (Gotoh et al., 2007b) . Despite the existence of species with polymorphic bands, PGM zymograms appear to be superior to esterase zymograms for separating seven red-pigmented mite species, including T. parakanzawai and T. kanzawai, because PGM had species-specific and very simple alleles. In addition, electrophoresis takes only 3 h, which is comparable to the time required for PCR-RFLP analyses. Our results indicate that PGM zymograms can distinguish females of all 13 red-pigmented Tetranychus species known in Japan, even though the differences in band mobilities were sometimes small (compare adjacent species in Fig. 1 ). Although previously observed on kudzu vine in Japan (Gotoh et al., 2007b) , the red form of T. urticae was not found in this study. The bimodal population fluctuation pattern observed for spider mites, especially T. pueraricola, on kudzu vine is similar to what was reported for T. kanzawai on hydrangea (Gotoh & Gomi, 2000) and the green form of T. urticae on Japanese pear (Gotoh, 1997) . Spider mites on kudzu vine plummeted just after the spring peak in 1997 and 1999 at both sites. Predators were well synchronized with mite densities from May to October and many insect predators, such as S. takahashii and Feltiella species, also appeared on kudzu vine leaves. Some predatory mites such as A. tsugawai and P. nipponicus are not specific to spider mites, but feed on eriophyoid mites and pollen (McMurtry & Croft, 1997) . Unidentified eriophyoid mites appeared on kudzu vines throughout the season and grass pollen existed from mid-May to mid-July. As the populations of predatory mites and spider mites were well synchronized, it is possible that sharp declines of the spider mite population were caused by predatory mites. However, at least in part that could also be due to weed mowing. Weeds were mowed in July 1997 and July 1999 at site A and in June 1999 at site B (arrowheads in top panels of Fig.  2A and B, respectively). Mowing coincided well with the dramatic population decrease observed on kudzu vine leaves, except for the 1997 population at site A. Weeds were then irregularly mowed, causing spider mites to crowd onto surviving leaves and resulting in a small population peak in July. Population decrease of spider mite due to predation was reported in Panonychus osmanthi Ehara & Gotoh on Osmanthus trees (Kitashima & Gotoh, 2003) . The drastic decline of spider mites did not occur at a site in which predators were removed by treating the trees with a synthetic pyrethroid, while it occurred at a site where predators were present (Kitashima & Gotoh, 2003) .
Similar population trends were observed on soybean (Fig. 3 ). Annual differences in spider mite species composition and density on soybean may be caused by the migration of spider mites from nearby crops and weeds to soybean. Soybean is planted in spring and harvested in autumn every year (Mori et al., 2008) . As a result, spider mites on soybean are repeatedly removed from the fields in autumn and re-invade the fields in spring; which species becomes dominant is probably determined by the species that invades the soybean field first from the surrounding weeds and other crops. Proving that hypothesis would require simultaneous examination of the mite fauna on soybean and on the surrounding weeds and crops.
In conclusion, this study has demonstrated the benefits of enzymatic methods for species identification of spider mites using only adult females instead of morphological identification using both adult males and females. The procedure, especially when it is based on PGM, is rapid and reliable, and offers the opportunity to use samples from other host plants as well as any mite life stage.
Of the species tested in this study, T. pueraricola might be a candidate for control of kudzu in North America. However, this species is also able to infest some fabaceous crops (e.g., Fig. 3 ; Mori et al., 2008) , hence its use in biological weed control requires utmost prudence. More work is needed to establish the precise conditions, if any, under which this spider mites may be recommended as a weed control agent.
